OBJECTIVES: This study characterized the feldspathic ceramic surfaces after various silanization protocols. METHODS: Ceramic bars (2 mm × 4 mm × 10 mm) (N = 18) of feldpathic ceramic (VM7, VITA Zahnfabrik) were manufactured and finished. Before silane application, the specimens were ultrasonically cleaned in distilled water for 10 min. The ceramic specimens were randomly divided into nine groups (N = 2 per group) and were treated with different silane protocols. MPS silane (ESPE-Sil, 3M ESPE) was applied to all specimens and left to react at 20°C for 2 min (G20). After drying, the specimens were subjected to heat treatment in an oven at 38°C (G38), 79°C (G79) or 100°C (G100) for 1 min. Half of the specimens of each group were rinsed with water at 80°C for 15s (G20B, G38B, G79B, G100B). The control group (GC) received no silane. Attenuated total reflection infrared Fourier transform analysis (ATR FT-IR) was performed using a spectrometer. Thickness of silane layer was measured using a spectroscopic ellipsometer working in the = 632.8 nm (He-Ne laser) at 70°incidence angle. Surface roughness was evaluated using an optical profilometer. Specimens were further analyzed under the Scanning Electron Microscopy (SEM) to observe the topographic patterns. RESULTS: ATR FT-IR analysis showed changes in Si-O peaks with enlarged bands around 940 cm(-1). Ellipsometry measurements showed that all post-heat treatment actions reduced the silane film thickness (30.8-33.5 nm) compared to G20 (40 nm). The groups submitted to rinsing in hot water (B groups) showed thinner silane films (9.8-14.4 nm) than those of their corresponding groups (without washing) (30.8-40 nm). Profilometer analysis showed that heat treatments (Ra 0.10-0.19 m; Rq 0.15-0.26 m) provided a smoother surface than the control group (Ra 0.48 m; Rq 0.65 m). Similar patterns were also observed in SEM images. SIGNIFICANCE: Heat treatment after MPS silane application improved the silane layer network. Rinsing with boiling water eliminated the outmost unreacted regions of the silane yielding to thinner film thicknesses. (2012). Surface characterization of feldspathic ceramic using ATR FT-IR and ellipsometry after various silanization protocols. Dental Materials, 28(2):189-196.
Introduction
The cementation process of a resin-bonded restoration is the final step of operative treatment after a series of procedures in dentistry. For adhesive cementation of glassy matrix ceramics, after etching with hydrofluoric acid gel (HF), it is a well-established method to use a silane coupling agent, a monomer with reactive organic radicals and hydro-soluble monovalent group. Silane coupling agents promote adhesion between inorganic phase of ceramic and organic phase of bonding agent applied on the ceramic surface through siloxane bonds. In addition, silane increases the surface energy of ceramic substrates and improves cement damping. These events consequently promote microscopic interactions between both parts. This approach made it possible today to adhere minimal invasive restorations to dental tissues that do not rely on mechanical retention principles.
The randomly distributed groups of silica oxides on the glass surface adsorb water as a hydroxyl group, forming a weak hydrogen bond [1] . It is also possible that other oxides present on ceramic surface absorb or adsorb water. In fact, there is a kind of competition between silane and water at available bond sites. Hydrogen bonds are formed during and after silanization but according to Plueddemann [2] there are also covalent bonds between silane and the substrate surface.
The poly-condensation of bifunctional silane monomers with the general formula of (R-O-) 3-Si-O-R, R being the first and O-R the second silane functionality, can provide a highly cross-linked and reactive poly-organosiloxane layer to ceramics [1] . However, their hydrolytic degradation is still of concern [3-6].
Therefore, attempts are being made to increase their cross-linking [6] [7] [8] [9] . Hydrolysis of silane in water diminishes the performance of silane and thereby, limits the lifetime of adhesive joints [3] . When small molecules of water penetrate into the adhesive interface, existing physical bonds are destroyed and from the untreated surfaces cracks may initiate yielding to detachment of the resin-based materials [3] . In order to minimize this effect, prior to silane application, glass ceramic surfaces are etched with HF that selectively removes the glassy matrix. Consequently, with the increased surface roughness, micromechanical retention is facilitated for adhesive procedures. However, the high chemical toxicity, the possibility to produce insoluble silica-fluoride salts that can interfere with the resin bond and the fact that some high crystalline content ceramics may not benefit from HF etching, can be considered as some of the reasons to eliminate HF from the bonding procedure [6] . When the goal is to eliminate the HF etching procedure without jeopardizing the chemical reaction at the ceramic-silane-resin interfaces, the traditional bonding protocol for cementation or repairs needs to be modified to obtain the best silane effect in bonding resin to ceramic [10] .
The silane drying conditions and post-heat treatment procedures reduces solvents and enhances the cross-linking reaction [2, 3, 7, 11, 12] . The extent of cross-linking is found to increase from the outer layers of the silane towards the glass surface with the corresponding increase in the mechanical and hydrothermal stability [2] . The thickness, orientation and cross-linking of the silane layers are determined by a number of factors, such as conditions of deposition, solution pH, silane concentration, nature of solvents, hydrolyzing time, drying temperature, and time between silane application and bonding [3, 5, 11] .
Three different structural regions are proposed in the deposited silane film: a) a physiosorbed region; b) a chemisorbed region; and c) a chemically reacted region. The outermost physisorbed region, that is the bulk of the deposited silane, consists of weak oligomeric siloxanols that hydrolyzes easily and can be eliminated in room temperature at relative humidity. The chemisorbed region, consisting of stronger oligomeric siloxanols, offers a greater resistance to hydrolysis and can be eliminated at high temperatures in water. The most inner region that is close to the ceramic surface, is stable and resistant to extraction in hot water and may be regarded as the chemically reacted region of the silane film [13] .
Heat treatment could be achieved either in an oven or by application of hot water. From clinical perspective, the latter may be more difficult to achieve in chairside applications. If the heat treatment in oven would result in similar silane quality, its application would be more convenient on ceramic surfaces prior to adhesive cementation procedures.
The objective of this study therefore, was to characterize the feldspathic ceramic surface after various silanization protocols including post-heat treatment in an oven or rinsing with hot water. The tested hypothesis was that heat treatment of the silane film would improve its chemical reactivity and the resistance to hydrolysis.
2.
Material and methods
Specimen preparation and experimental groups
The brands, types, chemical compositions, manufacturers and batch numbers of the materials used in this study are listed in Table 1 . Subsequently, ceramic specimens were ground finished to 1200-grit silicon carbide metallographic abrasive papers (3M ESPE, St Paul, MN, USA) under water-cooling in a polishing machine (DP-10, Panambra, São Paulo, Brazil). Prior to the silane application, the specimens were ultrasonically cleaned (Vitasonic, Vita Zanhfabrik) in distilled water for 10 minutes and dried by oil-free air spray for 30 seconds. 6 The ceramic specimens were randomly divided into nine groups (n=2 per group) and were treated with different silane protocols by one person. A 3-methacryloxypropyltrimethoxy silane (ESPE-Sil, 3M ESPE) was applied on the ceramic surfaces and left to react with the surface at a) 20°C in room temperature at 23% relative humidity (G20), b) 38°C (G38), c) 79°C (G79) d) 100°C (G100) for 1 minutes in an oven.
Control group received no silane (GC). After drying, one of the specimens of each group (G20, G38, G79, G100) was rinsed with water at 20, 38, 79, 100°C for 15 seconds (G20B, G38B, G79B, G100B).
Silane film measurement
The thickness of the silane film was determined using a Spectroscopic Ellipsometer (DRE-ELX02, Ratzeburg, German) working with λ=632.8 nm (He-Ne laser) at 70° incidence angle. The measurements were made after once after surface drying by oil-free air spray for 30 seconds and after rinsing with hot water. Since the ceramic specimens did not provide adequate light reflection, silane was applied onto smooth (Ra < 10 nm) and highly reflecting electropolished silicon specimens (10 mm x 10 mm). The optical constants of the substrate were determined from measurements (4 s) of the ellipsometric parameters (ψ and ∆) before silane application.
Surface roughness analysis
The average surface roughness (Ra) and the root mean square roughness (Rq) of the ceramic surfaces were measured before and after silane application. Roughness measurements were made in 3 different 
FT-IR analysis
The Attenuated Total Reflection Infrared Fourier Transform (ATR FT-IR) analysis was performed using an FT-IR spectrophotometer (BOMEM MB-102, Quebec, Canada) and an optically dense zinc-selenide crystal.
The ceramic surface was placed in contact with the ATR crystal. An infrared beam was directed to a high refractive index crystal. The internal reflectance creates a passing wave that extends outside the crystal to the entire specimen surface that is in contact with the crystal. The attenuated energy from each passing wave returns to the IR beam that is located on the opposite side of the crystal. Once the IR beam is detected, the IR spectrometer system generates an infrared spectrum. All transmission spectra were recorded at 4 cm -1 resolutions in the range of 400-4000 cm -1 . Sixty-four scans were made to obtain each spectrum.
Results
Ellipsometry measurements showed that all post-heat treatment actions reduced the silane film thickness (30.8 -33.5 nm) compared to control group (40 nm) ( Table 2 ). The groups submitted to rinsing in hot water (B groups) showed thinner silane films (9.8 -14.4 nm) than those of their corresponding groups (without washing) (30.8 -33.5 nm).
The mean surface roughness values showed that all heat treatments, regardless of the temperature variations, provided a smoother surface than the control (GC) ( Table 3 ). FT-IR results are demonstrated in Figs. 3a-d where absorbance is presented as the function of wave number (cm -1 ). The infrared spectrum analysis showed differences between G20 and other groups. The band around 1080cm -1 in G20 was due to asymmetric -Si-O-Si-(siloxane network in log chains) stretching vibrations, and 1164.9 cm -1 was due to Si-O-CH 3 . This has overlapped by a broad band with peaks in G38-989.4 cm -1 ; G79-985.5 cm -1 ; G100-929.6 cm -1 ; G20B-937.3 cm -1 ; G38B, G79B and 100B-935.4 cm -1 due to strong Si-O bonds [14] .
In all groups except G20, the O-H peak (1637.4 cm -1 ) disappeared due to complete evaporation of the solvent and hydrolysis of the sub-products ( Fig. 3a ). While C=O (free carbonyl groups, 1718.4cm -1 ) and CH 2 peaks (CH bending vibration, 1296cm -1 ) that appeared in G20 (Fig. 3a) decreased, CH 3 (CH bending vibration, 1390cm -1 ) increased in other FT-IR spectra (Figs. 3b-d) , indicating organic polymerization reaction.
Discussion
This study was undertaken to characterize the feldspathic ceramic surface after various post-heat treatment protocols for silanization. Silane application is an important step when adhering organic materials to inorganic ones. However, silanization process is considered technique-sensitive and its instability may cause deterioration in adhesion [9, 12] . The quality of adhesion using silane coupling agents does not only depend on the specifications of the silane such as solution pH, concentration, the nature of the solvent, hydrolysis time but also on the protocol of application such as drying conditions, time between application of silane and adhesive resin, temperature and humidity of the environment [5, 15] . Based on the results of this study, the tested hypothesis that heat treatment of the silane film would improve its chemical reactivity and the resistance to hydrolysis could be accepted.
It has been previously demonstrated that silane adhesion decreases as the relative humidity of the air increases [16] . Ambient conditions may affect the water desorption rate where the amount of water present in the environment influences the rate of several competing reactions during silane condensation reaction. Although this aspect has not been studied in depth, in this study, silane was applied at room temperature at 23% relative humidity and then the specimens were subjected to further heat treatment conditions either in the oven or by hot water application.
In a previous study, the application of an MPS silane containing ethanol as a solvent using a brush did not induce any morphological changes on the glass surface before and after thermal treatments [17] .
Qualitative observations in this study using SEM and optical profilometry also showed in general uniform, smooth silane coating, except for G20. In G20, it seemed that the silane was not uniformly distributed on the ceramic surface that may be as a consequence of silane excess, incomplete formation of poly-organosilanes or adsorption of the solvent. Failure in the poly-organosilane formation can facilitate hydrolysis and degradation. This was also observed when silanized interfaces were subjected to water storage or thermocycling [18, 19] . In aqueous environment, water hydrolyzes the silane film, breaking the siloxane bonds of molecules, decreasing the bond to inorganic surfaces [1] . Since the specimens treated above 20°C did not show this kind of non-uniformity, the effect of heat treatment was evident. However, interestingly already at 38°C that was in fact representing the body temperature in this study, uniform surface texture was also reached. Silane in G20 presented the highest film thickness with 40 nm but subsequent rinsing with water decreased the film thickness (G20B) to 9.8 nm.
Several theories have been proposed to explain the effect of heat treatment on the silane film: a) an enhanced inability of water to diffuse through the silane film due to increased cross-linking [5, 19] , b) oven heating could ensure complete bond formation between the silica matrix and the silane, resulting in oligomerization [19, 20] , c) evaporate solvent and volatilize products formed during condensation of the silanol groups in dry condition, could create large internal pressure gradients [9, 21, 22] , and d) heating at 100°C could consolidate 3 regions of silane film into a innermost region without any interphase region [22] . The last theory was not in accordance with the results obtained in this study (Why?).
The silane film thickness is of importance in bond strength of resin-based materials to ceramics. An excessive amount of coupling agent cannot be efficient to provide a strong bond since in thick films, interphase properties may be impaired [4] . On the other hand, it is also true that development of a thicker silane film with stronger network can be very useful. There is an optimum thickness of this region or interphase in the coupling agent, with maximum siloxane bond formation capable of resisting hydrolysis degradation and absorbing mechanical stress without crack growth into the silane film. The chemically reacted region, which is the innermost layer, is mainly responsible for resisting to hydrothermal attack. Since the outmost layer is not chemically bonded to the internal layer, it will be ineffective in promoting adhesion. Therefore, the outmost silane film layer can be removed by rinsing procedures. The ellipsometry results showed that after rinsing procedures, silane film thickness decreased compared to those of the non-rinsed groups. In addition, not only 79°C which is the alcohol or solvent or 100 o C water which is sub-product evaporation temperature [7] , at 20°C and 38°C rinsing also decreased film thickness was observed. Elimination of the outmost region was presented in earlier studies after rinsing water at 80 o C [3, 7, 11] . Low film thickness other than 80°C in this study could be partially due to the methodology employed. Initially, we have performed ellipsometry measurements on the ceramic surface. However, the roughness spread the surface laser and the data collected were not reproducable. Then, we used the silicon specimens with surface roughness of <10 nm. The use of silicon plates to determine the silane thickness could be founded in other studies [x,x] . Yet, the roughness and topography of such surfaces are surely different compared to ceramic surfaces which could be further compared using other methods.
Although Atomic Force Microscopy (AFM) is a spectacular technique, with this method surface analysis is achieved in the contact mode. Optical profilometer used in this study is a rapid method that allows for non-destructive, and non-contact surface analysis. The interference microscope or optical profilometer measures the surface roughness where the light intensity of the fringes is related to the surface height. It has a sub-nanometer vertical resolution with a dynamic range that can be improved depending on the scan size, greatly exceeding other probe microscopes. It provides fast images of the surface such as SEM with roughness parameter supported by 3D images similar to AFM. Nonetheless, the results could be verified with AFM to observe the effect of methodological differences.
Not only the thickness but also the network quality of silane film is important. FT-IR spectra can be used to provide useful information about the presence or absence of functional groups [4, 7, 21, 23, 24] .
This study used ATR FT-IR technique that allows the direct (in situ) identification of silane film as well as the amount of each component. Spectra of G20 and G20B showed a band at 1637 cm -1 , referring to δ(O-H), which disappeared in other IR spectra. Solvent evaporation represents a factor affecting the coupling potential of silanes. Even though a small amount of solvent may help silane wetting, incomplete evaporation may impair adhesion. Water, alcohol, acetone, acetic acid and other by-products that remain in the pores of the network, if not completely expelled by drying procedure, may remain as hydrogen-bonded to the OH-rich silica fillers of the composite substrate. This may decrease the number of bond sites available for reacting with silane, thus compromising the final degree of siloxane bond formation [4, 15, 21] . The spectra of all temperatures above 38°C suggest that the heat treatment helps in the evaporation of solvent and volatile sub-products from the silane reaction, catalyzing and completing the condensation reactions both with the substrate and within the silane coating.
The spectra of silane of G79, G79B and G100, G100B showed pattern of bands only with intensity variation but without wave number shifts. All the spectra strongly suggest that this procedure is efficient to remove the outmost region in silane film, which is in agreement with the ellipsometry analysis. In general, the intensity of several bands increased at higher temperatures, suggesting that increasing temperature is efficient to promote the cross-linking network in silane film [15] .
The heat treatment seemed to provide the appearance of strong absorption bands in the spectra, as it can be seen for strong siloxane network bonding on the feldsphatic ceramic surface (-Si-O-Si (ceramic) ) in the range around 1000 cm -1 . The broad band centred at 940 cm -1 was probably overlapping with the other bands at 1164 cm -1 (methoxy group) and 1080 cm -1 (-Si-O-Si-O-Si-). This can be associated to an improvement of the network resistance to hydrolysis degradation by initial complete hydrolysis of methoxy group present in solution, besides the energy which is necessary to break the long chains of -Si-O-Si-in lower -Si-O-Si (ceramic) chains.
In the spectra, the band at 1296cm -1 , assigned to the ester group, decreased after heat treatment. On the order hand, an increase in the intensity of the 1390cm -1 band, assigned to -C-H deformation, strongly indicated that silane organic radical could react each order, helping the stability of silane film. In fact, water and organic solvent can penetrate into the pores of the glassy material during drying phase.
While some of the larger pores could not be filled, smaller pores can be filled with solvent. Since these small pores remain sealed, the presence of solvent can create great internal pressure gradients. This process could cause cracking and fracture in interphase [21] .
Heat treatment and rinsing at 80°C water improved bond strength between organic to inorganic elements after water storage or thermocycling compared to those groups that did not receive any postheat treatment [6, 7, 9, 15, 22, 24, 25] . In this study only MPS silane was used that is the most frequently used silane type in dentistry. It is also more biocompatible compared to many other industrial silanes. This could be considered as a limitation of this study. In future studies, the post-heat treatment parameters need to be verified for other silanes. Also, the effect of silane post-treatment parameters with and without HF acid gel on glassymatrix ceramics on bond strength of resin materials warrants future research to be able to make a clinical recommendation for the optimum silanization protocol.
Conclusions
From this study, the following could be concluded:
1. Post-heat treatment of the studied MPS silane at 38, 79, 100°C improved the quality of siloxane network on the feldspathic ceramic surface compared to drying at room temperature (20°C), also yielding to thinner silane film thicknesses.
2. Rinsing the MPS silane treated surfaces with hot water for 15 seconds removed the unreacted region of the silane and the remained film formed an adhesive interphase with more stable chemical characteristics and resistance to the hydrolytic degradation.
Captions to tables and figures:
Tables Table 1. The brands, types, chemical compositions, manufacturers and batch numbers of the materials used in this study. Table 2 . G38; d) G38B; e) G79; f) G79B; g) G100; and h) G100B. Note the non-uniform silane film in G20 compared to those of other groups.
Figure 1a
Click here to download high resolution image a)
Figure 1b
Click here to download high resolution image b)
Figure 1c
Click here to download high resolution image c)
Figure 1d
Click here to download high resolution image d)
Figure 1e
Click here to download high resolution image e)
Figure 1f
Click here to download high resolution image f)
Figure 1g
Click here to download high resolution image g)
Figure 1h
Click here to download high resolution image h) Figs. 2a-h SEM micrographs (500x) of silanized surfaces of a) G20; b) G20B; c) G38; d) G38B; e) G79; f) G79B; g) G100; and h) G100B. Note small regions of silane accumulation on the surface of the specimens in G20.
Figure 2a
Figure 2b
Figure 2c
Figure 2d
Figure 2e
Figure 2f
Figure 2g
Figure 2h
Click here to download high resolution image h) 24 Figs. 3a-d ATR-FTIR spectra of MPS silane with wave numbers in cm -1 : a) G20, G20B; b) G38, G38B; c) G79, G79B; d) G100, G100B.
Figure 3a
Figure 3b
Figure 3c
Figure 3d
